Introduction
============

Hemophilia A is an inherited X-linked recessive bleeding disorder caused by coagulant factor VIII (FVIII) deficiency \[[@R1]\]. Hemophilia A affects approximately 1 in 5000 men, causing lifelong, repeated, and potentially life-threatening hemorrhagic episodes \[[@R2]\]. The human FVIII (*hFVIII*) gene measures 186 kb, and consists of 26 exons and 25 introns \[[@R3]\]. The full-length hFVIII cDNA contains an open reading frame encoding a polypeptide of 2351 amino acids \[[@R4]\]. This primary translation product contains a 19-amino-acid signal peptide and six homologous domains in the order A1-A2-B-A3-C1-C2 \[[@R5]\]. The full-length *hFVIII* cDNA exceeds the compact volume of most vectors \[[@R6]\]. Therefore, the B domain-deleted *hFVIII* cDNA (*hFVIIIBD*) vector, whose protein product has the same coagulation activity as the full-length *hFVIII* vector, was constructed for further study \[[@R6]\].

The conventional treatment for hemophilia A involves the administration of either hFVIII concentrates derived from the blood of healthy individuals, or recombinant hFVIII (rhFVIII) preparations \[[@R7]--[@R11]\]. However, the supply of hFVIII preparations is insufficient to cover the worldwide demand, and the risks of contamination remain. Moreover, both the bacterial and yeast synthesis systems lack adequate post-translational modification \[[@R12]\].

An alternative approach to alleviate the above problems is the application of farm animals known as 'bioreactors' bearing the appropriate transgene that encodes the recombinant protein and specifically expresses it in the mammary gland \[[@R13],[@R14]\]. It is known that the mammary gland contains the enzymatic machinery required for the correct synthesis and processing of complex proteins, which includes extensive post-translational modifications \[[@R14]\]. For economic reasons, the concept of recombinant protein production using transgenic animal bioreactors instead of expensive eukaryotic cell cultures has been widely accepted in the field of pharmaceutics. After the recombinant protein is secreted into milk, a pharmaceutical product could be readily isolated and purified \[[@R14]\]. Therefore, milk is a better candidate source for mass production of functional proteins \[[@R5]\].

The expression of milk protein is controlled by tissue-specific regulation in the mammary glands \[[@R15]\]. The regulatory sequences of the milk protein genes have been employed to express different genes in the lactating mammary glands of laboratory and farm animals, including tissue plasminogen activator, human albumin, human coagulation factor IX, mutant hFIX, and human a1-antitrypsin \[[@R16]\]. The β-casein promoter is considered an eligible candidate for use in controlling transgene expression in the mammary glands of transgenic animals \[[@R17]\]. In our study, we used the entire 6.5-kb P1A3 promoter, which is a mammary gland-specific promoter containing the goat β-casein promoter, and intron 1, exon 1, and partial exon 2 of the goat β-casein gene. The P1A3 promoter contains binding sites for many important transcription factors including nuclear factor I, CCAAT/enhancer binding protein, signal transduction and activator of transcription 5, and glucocorticoid receptor, which direct the specific and efficient expression of foreign proteins in the mammary gland \[[@R15],[@R18]\].

In this study, we constructed P1A3-hFVIIIBD vector, and compared hFVIIIBD expression induced by P1A3-hFVIIIBD and CMV-hFVIIIBD vectors at the cell and tissue levels. Furthermore, we acquired P1A3-hFVIIIBD and CMV-hFVIIIBD transgenic mice, and compared the expression of hFVIIIBD at transcriptive and protein levels.

Materials and methods
=====================

Reagents, cell lines, and animals
---------------------------------

Dulbecco\'s modified Eagle\'s medium/F12 were purchased from Gibco (Shanghai, China); fetal bovine serum (FBS) was purchased from Invitrogen (Shanghai, China); epidermal growth factor (EGF) and insulin were purchased from Sigma (Shanghai, China); mouse mammary epithelial cells (HC-11 cell line) were kindly provided by the Friedrich Miescher Institute in Switzerland. The plasmid *pGEM-5Zf (+)-P1A3* was kindly provided by Professor Yitao Zeng (Shanghai Institute of Medical Genetics, Shanghai, China). The plasmid *pCI-CMV-hFVIIIBD* were kindly provided by Professor Xuefeng Wang (Shanghai Institute of Hematology, Shanghai, China), and the *pcDNA 3.1(+)* plasmids were purchased from Invitrogen. Kunming wild-type mice were purchased from Geruisi Wei Biotechnology Company (Suzhou, China). The mice were maintained in a specific pathogen-free animal facility. During the course of the experiments, the mice were maintained under standard environmental conditions with free access to food and water. Mice were treated according to the guidelines of The Ethics Committee of Xinhua Hospital Affiliated to the Shanghai Jiaotong University School of Medicine.

pcDNA 3.1(+)-P1A3-hFVIIIBD vector construction
----------------------------------------------

A 6.5-kb P1A3 promoter sequence containing the promoter, exon 1, intron 1, and partial exon 2 of the goat β-casein gene was inserted into the *pcDNA 3.1(+)* plasmid whose CMV promoter had been deleted, to construct a new vector named *pcDNA 3.1(+)-P1A3*. The plasmid *pCI-CMV-hFVIIIBD* contained the 4.6-kb B domain-deleted hFVIII (*hFVIIIBD*). The 4.6-kb *hFVIIIBD* fragment was double-digested with *Xho*I and *Sal*I, and ligated with the 11.5-kb lineal fragment of the *pcDNA 3.1(+)-P1A3* plasmid, to produce a *pcDNA 3.1(+)-P1A3-hFVIIIBD* vector harboring the P1A3 promoter and B domain-deleted *hFVIII* cDNA. The expression vector was confirmed by sequencing.

Transfection of *hFVIIIBD* vector into HC-11 cells
--------------------------------------------------

To investigate whether *hFVIIIBD* directed by the P1A3 or CMV promoter could be expressed in mammary gland cells, vectors containing *P1A3-hFVIIIBD* or *CMV-hFVIIIBD* were transfected into HC-11 cells by using Lipofectamine 2000. HC-11 cells were maintained in Dulbecco\'s modified Eagle\'s medium/F12 supplemented with 10% heat-inactivated FBS, 10 ng/ml EGF, and 5 μg/ml insulin at 37°C under humidified atmospheric conditions with 5% CO~2~. *pcDNA 3.1(+)* vectors without inserts were used as negative controls.

Transient transfection of CMV-hFVIIIBD and P1A3-hFVIIIBD vectors into mouse mammary gland and milk collection
-------------------------------------------------------------------------------------------------------------

The *CMV-hFVIIIBD* and *P1A3-hFVIIIBD* vectors were transiently transfected into the mammary glands of lactating female mice by using Lipofectamine 2000 according to the manufacturer\'s instructions, and milk samples from the mice were collected on days 5, 7, 9, 11, 13, and 15 of lactation. The *hFVIIIBD* vectors were injected into the mammary glands of the female mice on day 9 of lactation. To stimulate milk let down, an intramuscular injection of oxytocin was administered 10 min before milk collection. The milk samples were stored at −80°C. The concentration of hFVIIIBD was measured using enzyme-linked immunosorbent assay (ELISA) as described below.

Generation of *hFVIIIBD* transgenic mice
----------------------------------------

The plasmid *pCI-CMV-hFVIIIBD* contains *hFVIII* with the 4.6-kb B-domain deleted (*hFVIIIBD*) \[[@R6]\]. Schematic maps of the *CMV-hFVIIIBD* vector are shown in Fig. [1](#F1){ref-type="fig"}. The *CMV-hFVIIIBD* insert and the *P1A3-hFVIIIBD* insert were cut from the plasmids by enzyme digestion and purified with a gel-purifying kit, according to the manufacturer\'s instructions (Qiagen, Dusseldorf, Germany). The *CMV-hFVIIIBD* fragment or the *P1A3-hFVIIIBD* fragment was microinjected into mouse zygotes to generate hFVIIIBD transgenic mice. The collection of mouse zygotes, microinjection, and transfer of injected embryos were performed as previously described \[[@R18]\].

![Schematic map of the pCI-CMV-hFVIIIBD vector. The *pCI-CMV-hFVIIIBD* vector contains a 4.6-kb B domain-deleted *hFVIII* (*hFVIIIBD*) cDNA fragment, which is located between the *Xho*I and *Sal*I restriction enzyme sites of the plasmid.](blcof-26-755-g001){#F1}

Analysis of the tissue specificity of hFVIIIBD expression in transgenic mice
----------------------------------------------------------------------------

Tissues from the heart, liver, spleen, lung, kidney, brain, and mammary glands were collected from the transgenic P1A3-hFVIIIBD and CMV-hFVIIIBD mice, and used for total RNA isolation with Trizol (Gibco), according to the manufacturer\'s protocol. Total RNA from multiple tissues of hFVIIIBD transgenic and wild-type mice were analyzed using reverse transcription PCR (RT-PCR). The following specific primers designed for the *hFVIIIBD* gene were used:

*hFVIIIBD-F*: 5′-CCAACATGATGGCATGGAAG-3′; and *hFVIIIBD-R*: 5′-GGAAGGACTAAGGGAG CATAG-3′. Amplification of *hFVIIIBD* was performed using a PCR machine (Eppendorf, Hamburg, Germany) by predenaturing at 95°C for 5 min, followed by 30 cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 10 min, yielding a 250-bp *hFVIIIBD* product. The mouse *β-actin* gene was also amplified as a control for normalization, with the following specific primers: *β-actin-F*: 5′-CTACAATGAGCTGC GTGTGG-3′; and *β-actin-R*: 5′-CAGGTCCAGACGCAGGATGGC-3′. Amplification of *β-actin* was performed by predenaturing the DNA for 5 min at 94°C, followed by 20 cycles at 94°C for 15 s, 63°C for 15 s, and 72°C for 15 s, and a final extension at 72°C for 10 min, yielding a specific 271-bp *β-actin* PCR product. All of the above experiments were performed in duplicate.

Analysis of *hFVIIIBD* transcript levels with real-time quantitative PCR
------------------------------------------------------------------------

After transfection of the hFVIIIBD vectors into the HC-11 cell line, total RNA was isolated from cultured cells by using Trizol. Following reverse transcription, the synthesized cDNA was used as a template with the SYBR Green real-time PCR system (Takara, Shiga, Japan). The *hFVIIIBD* transcripts were determined relative to mouse *β-actin*, which was used as an endogenous control. Standard curves were generated with serial dilutions of the plasmid containing *hFVIIIBD* or mouse *β-actin*. *hFVIIIBD* was amplified using a set of specific primers (5′-GTAGAATTCACGGATCACCT-3′ and 5′-TACACCA ACAGCATGAAGAC-3′). The real-time PCR conditions consisted of a predenaturation step at 95°C for 5 min, followed by 40 cycles at 95°C for 15 s and 59°C for 30 s, yielding a 157-bp PCR product. Total RNA from multiple tissues of hFVIIIBD transgenic and wild-type mice was analyzed using the SYBR Green real-time PCR system (Takara) to detect *hFVIIIBD* transcripts. The mouse *β-actin* gene was used as the internal control. The same *hFVIIIBD* or *β-actin* primers and real-time PCR conditions as above were used for the amplification with a real-time PCR machine (Applied Biosystems, Foster City, California, USA).

Immunohistochemistry
--------------------

Under intraperitoneal anesthesia, hFVIIIBD transgenic and wild-type mice were systemically perfused with saline to eliminate blood contamination. Multiple organs were collected from the mice for immunohistochemical (IHC) analyses. We fixed 5-μm serial sections of the organs with acetone for 10 min at 4°C and treated them with 0.3% Triton X-100 in phosphate-buffered saline (PBS) for 15 min at room temperature. The sections were blocked with 10% goat serum for 30 min at room temperature, and then stained with mouse anti-hFVIII primary antibodies (ab20721, Abcam, Cambridge, UK) at 4°C overnight. The next day, the sections were continued to be incubated at 37°C for 60 min, and washed with PBS. Then, the sections were stained with secondary antibodies, namely, goat antimouse IgG antibodies conjugated with Alexa Fluor 488 (A11001, Invitrogen, Carlsbad, California, USA), incubated at 37°C for 30 min, and washed with PBS. The nuclei in the sections were counter-stained with 4',6-diamidino-2-phenylindole (DAPI; Roche, Basel, Switzerland). The sections were analyzed with a fluorescence microscope (Leica Microsystems, GmbH, Wetzlar, Germany), which was used for the acquisition of images.

Quantification of factor VIII in the milk and tissues of the transgenic mice by ELISA
-------------------------------------------------------------------------------------

P1A3-hFVIIIBD and CMV-hFVIIIBD mice were mated, respectively. The milk of the female mice was collected as previously described \[[@R18]\]. Multiple tissues were collected from the P1A3-hFVIIIBD and CMV-hFVIIIBD transgenic mice. The milk and tissue samples obtained from wild-type mice were used as controls. The hFVIII concentrations in the milk and tissues from the tested mice were measured using ELISA according to the manufacturer\'s protocol. Briefly, sheep anti-hFVIII polyclonal antibody (ab61370, Abcam) was used as the coating antibody and mouse anti-hFVIII monoclonal antibody (ab20721, Abcam) was used as the primary antibody. Horseradish peroxidase enzyme-linked goat antimouse antibody was used as a secondary antibody for further incubation. The samples were treated with the TMB Chromogenic Reagent Kit (Kangwei Biotech, Beijing, China). The luminescence of the samples was measured in a multimode microplate reader (SYNERGY2, BioTek, Burlington, Vermont, USA) at 450 nm. Total proteins of all samples were extracted according to the manufacturer\'s protocol (Thermo Scientific, Rockford, Illinois, USA). Protein concentration was determined with Pierce BCA Protein Assay Kit (Thermo Scientific) according to the manufacturer\'s protocol.

Statistical analysis
--------------------

The results of the multiple experiments were reported as mean ± SD. The Newman--Keuls test was used to compare differences between the means of the indicated groups. We used SPSS software (SPSS, Chicago, Illinois, USA) for data analysis.

Results
=======

Expression of *hFVIIIBD* transcripts in HC-11 cells
---------------------------------------------------

In this study, we constructed mammary-specific expression vectors containing hFVIII B domain-deleted cDNA driven by the goat β-casein promoter P1A3, and investigated their expression in mammary gland cells. The hFVIIIBD expression levels in mouse mammary epithelial (HC-11) cells transfected with vectors directed by the CMV or P1A3 promoters were compared. RT-PCR and real-time PCR analysis showed the specific hFVIII transcripts in the transfected HC-11 cells. Our results indicated that both the CMV-hFVIII and P1A3-hFVIII vectors were effectively expressed in HC-11 cells, and that the hFVIII expression level of the CMV-directed vectors was higher than that of the P1A3-directed vectors (Fig. [2](#F2){ref-type="fig"}).

![Real-time RT-PCR analysis of HC-11 cell strains transfected with hFVIIIBD expression vectors. (a) The hFVIIIBD copy number in the HC-11 cell strain transfected with two different hFVIIIBD vectors with the P1A3 promoter or the CMV promoter. (b) The β-actin copy number in the HC-11 cell strain transfected with two different hFVIIIBD vectors with the P1A3 promoter or the CMV promoter. No. 1 represents HC-11 cells transfected with CMV-hFVIIIBD. No. 2 represents HC-11 cells transfected with P1A3-hFVIIIBD. No. 3 represents HC-11 cells transfected with pcDNA 3.1 (negative controls). (c) The relative hFVIIIBD expression of the three different vectors in HC-11 cells. No. 1 represents the CMV-hFVIIIBD vector-transfected HC-11 cells. No. 2 represents the P1A3-hFVIIIBD vector-transfected HC-11 cells. No. 3 represents pcDNA 3.1(+) vector-transfected HC-11 cells. CMV, cytomegalovirus; hFVIII, human factor VIII; RT-PCR, reverse transcription PCR.](blcof-26-755-g002){#F2}

Transient transfection of CMV-hFVIIIBD or P1A3-hFVIIIBD vectors into mouse mammary glands and milk
--------------------------------------------------------------------------------------------------

Next, we transiently transfected CMV-hFVIIIBD or P1A3-hFVIIIBD vectors into the mammary glands of lactating female mice, and collected milk samples from the mice. The hFVIII expression levels in mouse mammary glands transfected with vectors directed by CMV or P1A3 promoters were compared. The results showed that hFVIII protein was expressed in the milk after the transient injection of the hFVIIIBD vectors into the mouse mammary glands during the lactation period. The highest hFVIII content was 2.81 and 1.82 μg/ml in the milk of the mice transfected with CMV-hFVIIIBD and those transfected with P1A3-hFVIIIBD, respectively. Our data indicate that the hFVIII vectors were effectively expressed in the mouse mammary glands (Fig. [3](#F3){ref-type="fig"}).

![ELISA for the measurement of hFVIIIBD levels in mouse milk after transient transfection of the mammary glands. ELISA for the detection of the hFVIIIBD concentration in mouse milk (ng/ml). The x-axis indicates the day of lactation. The CMV-hFVIIIBD and P1A3-hFVIIIBD vectors were injected into the mammary glands of lactating female mice on the 9th day of lactation. Standard curves of hFVIIIBD were prepared using serial dilutions of pooled human plasma. ELISA, enzyme-linked immunosorbent assay; hFVIII, human factor VIII.](blcof-26-755-g003){#F3}

Expression of *hFVIIIBD* transcripts in hFVIIIBD transgenic mice, as determined using RT-PCR
--------------------------------------------------------------------------------------------

The *CMV-hFVIIIBD* or *P1A3-hFVIIIBD* fragment was introduced into mouse zygotes by microinjection to produce *hFVIIIBD* transgenic mice. To identify the expression of the *hFVIIIBD* gene in the transgenic mice, RT-PCR and real-time quantitative PCR analyses were performed to detect the *hFVIIIBD* transcripts in various tissues obtained from the *CMV-hFVIIIBD*, *P1A3-hFVIIIBD*, and wild-type mice (controls). The results showed that *hFVIIIBD* transcripts were expressed in multiple organs of the *CMV-hFVIIIBD* transgenic mice, whereas the expression of *hFVIIIBD* in various tissues was negligible in the wild-type mice. The RT-PCR data also indicated that the transcripts of P1A3-*hFVIIIBD* were detected only in the mammary tissues of the P1A3-*hFVIIIBD* transgenic mice; the expression in other tissues was negligible (Fig. [4](#F4){ref-type="fig"}). In contrast, the transcripts of *hFVIIIBD* were detected in all of the examined tissues of the *CMV-hFVIIIBD* transgenic mice on RT-PCR, including the mammary glands, heart, liver, spleen, lung, and kidney.

![RT-PCR assessment of hFVIIIBD in hFVIIIBD transgenic and WT mice. RT-PCR results in different organs of hFVIIIBD transgenic and WT mice. (a) hFVIIIBD expression in CMV-hFVIIIBD transgenic mice. (b) hFVIIIBD expression in P1A3-hFVIIIBD transgenic mice. (c) hFVIIIBD expression in WT mice. M: 100 bp marker ladder, lane 1: positive control, lane 2: negative control, lane 3: blank control, and lanes 4--9 indicate mammary glands, heart, liver, spleen, lung, and kidney, respectively. CMV, cytomegalovirus; hFVIII, human factor VIII; RT-PCR, reverse transcription PCR; WT, wild type.](blcof-26-755-g004){#F4}

Real-time PCR quantification of *hFVIIIBD* transcripts in hFVIIIBD transgenic mice
----------------------------------------------------------------------------------

Using real-time quantitative PCR, we determined hFVIIIBD expression in various tissues obtained from CMV-hFVIIIBD, P1A3-hFVIIIBD, and wild-type mice (controls). The real-time PCR data indicated that the transcripts of *hFVIIIBD* were detected in various tissues of the CMV-*hFVIIIBD* transgenic mice, including the mammary glands, heart, liver, spleen, lung, and kidney. In the P1A3-hFVIIIBD transgenic mice, *hFVIIIBD* transcripts were detected in only the mammary glands; their levels in other tissues were negligible, indicating that *hFVIIIBD* was expressed specifically in the mammary glands of P1A3-*hFVIIIBD* transgenic mice. The wild-type mice did not express detectable levels of *hFVIIIBD* transcripts in their organs (Fig. [5](#F5){ref-type="fig"}).

![Real-time PCR for the assessment of hFVIIIBD or β-actin in hFVIIIBD transgenic and WT mice. Real-time PCR results in different organs of hFVIIIBD transgenic and WT mice. The ratios of hFVIIIBD/β-actin in different organs of hFVIIIBD transgenic and WT mice are shown (*n* = 4). (a) CMV-hFVIIIBD transgenic mice. (b) P1A3-hFVIIIBD transgenic mice. (c) Wild-type mice. CMV, cytomegalovirus; hFVIII, human factor VIII; mamma, mammary gland; RT-PCR, reverse transcription PCR; WT, wild type.](blcof-26-755-g005){#F5}

Detection of factor VIII protein in the milk and organs of hFVIIIBD transgenic mice, by using ELISA
---------------------------------------------------------------------------------------------------

To evaluate FVIII expression in hFVIIIBD transgenic mice, murine milk was obtained and subjected to ELISA to measure the FVIII concentration. Detectable hFVIII levels were achieved in the milk from CMV-hFVIIIBD and P1A3-hFVIIIBD transgenic mice (data not shown). There was no significant difference in hFVIII levels between the CMV-hFVIIIBD and the P1A3-hFVIIIBD transgenic mice (*P* \> 0.05). The activity in the CMV-directed mice was slightly higher than that in the P1A3-directed mice (*P* \< 0.05). We also measured total protein and hFVIIIBD contents in multiple organs harvested from the CMV-hFVIIIBD, P1A3-hFVIIIBD, and wild-type mice, by using Pierce BCA Protein Assay Kit and ELISA, respectively. We calculated the ratio of hFVIIIBD/total protein in the CMV-hFVIIIBD, P1A3-hFVIIIBD, and wild-type mice. The level of hFVIIIBD protein produced by the CMV-promoted construct was about 2.5-fold higher than that produced by the P1A3-promoted construct. There was no detectable hFVIII protein in the wild-type mice (Fig. [6](#F6){ref-type="fig"}).

![hFVIIIBD levels in multiple organs of hFVIIIBD transgenic mice and WT mice. Protein levels in different organs of hFVIIIBD transgenic and WT mice. The ratios of hFVIIIBD/total protein in different organs of hFVIIIBD transgenic and WT mice are shown (*n* = 4). (a) CMV-hFVIIIBD transgenic mice. (b) P1A3-hFVIIIBD transgenic mice. (c) WT mice. CMV, cytomegalovirus; hFVIII, human factor VIII; WT, wild type.](blcof-26-755-g006){#F6}

Immunohistochemical analysis of multiple organs obtained from CMV-hFVIIIBD, P1A3-hFVIIIBD, and wild-type mice
-------------------------------------------------------------------------------------------------------------

To determine whether hFVIIIBD was present in multiple organs of the transgenic mice, IHC analysis was conducted on serial sections of multiple tissues. Positive staining for hFVIIIBD was visualized throughout the sections of various tissues of CMV-hFVIIIBD transgenic mice, including the mammary glands, heart, liver, spleen, lung, kidney, and brain (data not shown). In the wild-type mice, no hFVIIIBD signals were observed in the serial sections of multiple tissues stained with the same specific antibodies (data not shown). In the P1A3-hFVIIIBD transgenic mice, hFVIIIBD protein was produced in the mammary glands; the liver showed very weak hFVIII expression, and other organs showed negligible hFVIII expression (data not shown).

Discussion
==========

Hemophilia A is an inherited X-linked recessive bleeding disorder caused by FVIII deficiency \[[@R4]\]. At present, the promoters and regulatory regions of β-casein, β-lactoglobulin, and albumin are widely used to direct transgene expression in transgenic mammary bioreactors. The mammary glands in transgenic bioreactors can synthesize and secrete foreign proteins in a relatively isolated environment \[[@R14]\].

In our study, we used a 6.5-kb mammary gland-specific promoter named P1A3. The entire P1A3 promoter contained goat β-casein promoter, intron 1, exon 1, and partial exon 2 of the goat β-casein gene. In this investigation, we transiently transfected the *P1A3-hFVIIIBD* vector and the *CMV-hFVIIIBD* vector into HC-11 cells. Both vectors specifically expressed *hFVIIIBD* in HC-11 cells at the transcription level. However, the *hFVIIIBD* expression level was higher in the cells transfected with *CMV-hFVIIIBD* than in those transfected with *P1A3-hFVIIIBD*.

Mammary epithelial cells, which are the source of milk proteins in the mammary gland, were shown to express the foreign transgene. Our data confirmed that after having been transfected into mouse mammary glands, both the *P1A3-hFVIIIBD* and *CMV-hFVIIIBD* vectors effectively expressed hFVIIIBD in milk. The hFVIII content in the murine milk ranged from 1 to 3 μg/ml, which is well above the normal hFVIII content of human plasma (100--200 ng/ml). The hFVIIIBD expression level of the *CMV-hFVIIIBD* vector was slightly higher than that of the *P1A3-hFVIIIBD* vector.

Through appropriate gene constructs directed by a mammary gland-specific promoter element, it was possible to express hFVIIIBD in the mammary glands of transgenic animals. In our study, we generated P1A3-hFVIIIBD or CMV-hFVIIIBD transgenic mice by microinjection, and compared the hFVIIIBD expression in the milk and organs of the CMV-hFVIIIBD and P1A3-hFVIIIBD mice. Our results indicated that both hFVIIIBD vectors were effectively expressed in the mammary glands of the transgenic mice at the mRNA and protein levels.

It is well known that hFVIII protein levels in normal human plasma are low (100--200 ng/ml) \[[@R19]\]. In our study, transgenic mice carrying the *hFVIIIBD* gene secreted hFVIII in the range of 1--4 μg/ml in the milk, which is over 10-fold higher than the levels in normal human plasma. The recombinant protein expressed by the mammary gland can be effectively modified after translation, such as via glycosylation and hydroxylation, and this confers biological activity on the recombinant protein \[[@R20]\]. Our results indicated that hFVIIIBD was not only expressed in the mammary gland but was also secreted into the milk as a biologically active hFVIII protein.

Patients with moderate hemophilia A and 1--5% of normal FVIII activity develop less severe bleeding, whereas those with mild hemophilia A and 5--25% of normal FVIII activity usually bleed only during surgery or after sustaining a trauma \[[@R3]\]. In our study, the levels of biologically active hFVIII protein in the milk of the transgenic mice in the lactation period attained 11--93% of the normal activity in human plasma. Therefore, transgenic bioreactor animals expressing high levels of biologically active hFVIII will be of great value for the mass production of hFVIII. However, procedures for the efficient purification of biologically active hFVIII from milk are yet to be developed.

The CMV promoter is a ubiquitous promoter directing downstream gene expression in various cells or tissues. CMV-hFVIIIBD transgenic mice could express hFVIIIBD throughout the body, which might result in side effects of growth and development. The mammary gland is a relatively isolated exocrine organ, as compared with other tissues or organs. The P1A3 promoter is mammary gland-specific. The foreign protein expressed in the milk will not usually be secreted into the blood. Therefore, the high expression level of the foreign gene would not affect the physiological growth of the transgenic animals.

Chrenek *et al.*\[[@R16]\] demonstrated no significant differences in the number of apoptotic cells in the mammary gland between transgenic and nontransgenic lactating rabbit females. The results were in accordance with earlier studies, which found that the mWAP-hFVIII gene construct did not have any negative effects on the quantity and quality of milk produced by transgenic rabbits \[[@R14]\]. Tvrdá *et al.*\[[@R21]\] compared the ovarian or testicular tissue structure of mammary gland-specific mWAP-hFVIII transgenic and nontransgenic rabbits. Their study demonstrated only a very weak negative effect of mWAP-hFVIII transgenesis on rabbit gonadal structure \[[@R21]\].

In our study, hFVIIIBD was present in multiple organs throughout the body of the CMV-hFVIIIBD transgenic mice, whereas hFVIIIBD expression was negligible in organs other than the mammary glands in the P1A3-hFVIIIBD transgenic mice. These results indicated that the P1A3 promoter could direct specific expression in the mammary gland, which would be relatively safer for the transgenic mice. This suggests that the *P1A3-hFVIIIBD* vector is more suitable for the generation of a mammary gland bioreactor.
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